We report the first Fe isotopic anomalies and the first Ni isotopic ratio measurements in presolar SiC grains of separate KJG from the Murchison meteorite. With NanoSIMS, we analyzed Fe and Ni in 37 X grains from Type II supernovae and 53 SiC grains of other types. The Ni/Fe and Co/Fe ratios in grains of all types are much higher than in the gas from which the grains are believed to have condensed. A majority of the X grains and a couple of mainstream grains contain Fe-rich subgrains. Most X grains have large excesses in 57 
INTRODUCTION
Among all the different types of stardust ( presolar) grains identified in primitive meteorites (e.g., Bernatowicz & Zinner 1997; Nittler 2003; Clayton & Nittler 2004; Lodders & Amari 2005; ), SiC has been studied in greatest detail. In particular, thousands of isotopic measurements have been made on individual grains by secondary ion mass spectrometry (SIMS) in the ion microprobe.
On the basis of their C, N, and Si isotopic compositions, SiC grains have been classified into different groups ( Hoppe et al. 1994; Hoppe & Ott 1997; . Mainstream grains ($93%) are identified to have an origin in low-mass (1Y3 M ) carbonrich asymptotic giant branch (AGB) stars of solar metallicity during their thermally pulsing ( TP) phase ( Lugaro et al. 2003) . Grains of type Y and Z ($1% each) are believed to come from AGB stars of lower-than-solar metallicity Amari et al. 2001b; Zinner et al. 2006b ). For grains of type AB ($3%Y4% of presolar SiC), characterized by low 12 C/ 13 C ratios, J-type carbon stars and post-AGB stars, such as Sakurai's object, which undergo a very late thermal pulse have been proposed as stellar sources (Amari et al. 2001c ). However, the details of the nucleosynthetic processes that would produce the isotopic signatures of these grains are still not well understood. Silicon carbide grains of type X ($1%) have mostly isotopically light C, heavy N, high inferred 26 Al/ 27 Al ratios (up to 0.6), and large
28
Si excesses (Nittler et al. 1995; Hoppe et al. 2000) . These isotopic signatures, in conjunction with large 44 Ca excesses from the decay of 44 Ti (T 1 = 2 ¼ 60 yr; Nittler et al. 1996; Hoppe et al. 1996 ) and large 49 Ti excesses, possibly from the decay of 49 V (T 1 = 2 ¼ 337 days; Hoppe & Besmehn 2002) , show that these grains must have originated in the ejecta of Type II supernovae (SNeII ). Finally, a few SiC grains have low 12 C/ 13 C and 14 N/ 15 N ratios, high inferred initial 26 Al/ 27 Al ratios, and large 30 Si excesses relative to solar system ratios, indicative of an origin in nova ejecta (Amari et al. 2001a) , although a SNII origin is also possible for these grains (Nittler & Hoppe 2005) .
Although isotopic analyses of trace elements such as Al-Mg and Ti have been made in many presolar SiC grains, measurements of the Fe isotopes have been scarce ( Hoppe et al. 1998 Marhas et al. 2004 ) and none of the Ni isotopes have been made. Here we report Fe and Ni isotopic measurements in presolar SiC grains, mainly mainstream, AB, and X grains. Preliminary reports of some of the data have been presented by Marhas et al. (2007a Marhas et al. ( , 2007b .
EXPERIMENTAL
The analyzed grains are from the Murchison SiC fraction KJG . Of the grains in this fraction, 90% have sizes between 1.8 and 3.7 m ). Candidates for AB and X grains were obtained by direct ion imaging of 12 C, 13 C, 28 Si, and 30 Si grains, deposited on gold foil from liquid suspension, in the Cameca IMS 3f ion microprobe. These imaging analyses were made at low mass resolving power, similar to the direct imaging searches for X grains ( Nittler et al. 1995) . Candidates for X grains were selected on the basis of low 30 Si/
28
Si ratios and those for AB grains were selected on the basis of low 12 C/ 13 C ratios. These candidate grains, as well as randomly selected additional grains, were subsequently measured for their major element compositions in a scanning electron microscope (SEM ) equipped with an energy dispersive X-ray spectroscopy (EDS) system, in order to confirm that the grains were indeed SiC.
The C, N, Si, Fe, and Ni isotopic compositions of the grains were obtained in the Cameca NanoSIMS. The NanoSIMS (Stadermann et al. 1999a (Stadermann et al. , 1999b is an ion microprobe with high sensitivity and high spatial resolution, which makes it the instrument of choice for the isotopic analysis of very small grains. These performance properties are achieved through several features. First, at high mass resolving power, necessary for the separation of molecular interferences from the atomic ion of interest, the secondary ion transmission is >30 times higher than that of the Cameca IMS 3f. Second, the NanoSIMS has miniaturized electron multipliers (Slodzian 2003) , four of which can be moved along the focal plane of the secondary ions. This means that up to five ion signals can be measured simultaneously (''multidetection''). This increases the overall sensitivity for isotopic measurements. In addition, in multidetection any temporal change in the secondary ion signal, unavoidable during analysis of small grains, does not affect the measured isotopic ratios as it would if magnetic peak jumping and just one detector were employed. Third, the NanoSIMS features a very small primary beam size. For Cs + primary ions, beam diameters smaller than 50 nm have been achieved and a beam diameter of 100 nm is routine. The reason for this is that the primary ions are incident normal to the sample surface, along the same axis secondary ions are extracted. As a consequence, the immersion lens can be placed very close to the sample surface, resulting in a large demagnification of the primary beam diameter. This configuration also increases the secondary ion collection, further contributing to the overall sensitivity.
C, Si, and CN (for the N isotopes) were measured as negative secondary ions produced by bombardment with Cs + ions. These analyses were made in a mode combining multidetection with magnetic peak switching. In the first magnetic field step 12 C, 13 C, 12 C 14 N, 12 C 15 N, and 28 Si ions were counted in five electron multipliers. In two subsequent field steps 29 Si and 30 Si were counted in the 5th detector. For most AB grains and a few mainstream grains, we did not obtain N isotopic ratios. In this case the C and Si isotopes were measured in multidetection while the magnetic field was kept constant under nuclear magnetic resonance (NMR) control. Synthetic SiC and silicon nitride were used as standards.
The Fe and Ni isotopic analyses were made with positive secondary ions produced with an O À primary beam. We used two different setups, one without Co and one including Co. In the setup without Co, we measured 28 Si, 52 Cr, 54 Fe, 57 Fe, and 62 Ni in the first magnetic field step, 56 Fe, 58 Ni, and 61 Ni with detectors 2Y 4 in the second step, and 60 Ni with detector 3 in the third field step. In the setup with 59 Co we measured 28 Si, 52 Cr, 54 Fe, 57 Fe, and 59 Co in the first magnetic field step, 56 Fe, 58 Ni, and 61 Ni with detectors 2Y 4 in the second step, and 60 Ni and 62 Ni with detectors 2 and 3 in the third field step. An Fe-Ni compound and NIST Silicate Glass Certified Reference Material SRM 610 ( previously NBS 610 glass), which contains nominal concentrations of 500 parts per million ( ppm) of Cr, Fe, Co, and Ni (e.g., Kane 1998) , were used as isotopic standards and to determine the absolute concentrations of these elements in the grains.
In order to obtain elemental concentrations of Fe, Co, and Ni in ppm weight we measured 56 Fe + / 28 Si + , 59 Co + / 28 Si + , and 58 Ni + / 28 Si + ratios in the NIST SRM 610 glass. We compared these ratios with the concentrations of 464, 403, and 443 ppm for Fe, Co, and Ni in this standard (Rocholl et al. 1997 ) to derive ion yields of these elements relative to Si. We obtain 2.33 for Fe, 1.02 for Co, and 0.596 for Ni. These are not very different from the yields of 2.63, 1.66, and 0.86 obtained by Hinton (1990) for low-energy secondary ions from the same standard. For his analysis Hinton assumed Fe, Co, and Ni concentrations of 458, 390, and 459 ppm. Our ion yields were applied to the ion ratios measured in the grains to obtain elemental concentrations of Fe, Co, and Ni. Cr ratio. This grain has 57 Fe and 61 Ni excesses of 321c and 1156c, respectively. If, as we shall argue below, these excesses are due to contributions from the He/C shell, we expect a corresponding 54 Cr excess between 300c and 600c. Part of the Cr might have originated from contamination and would be isotopically normal; however, we do not know how much. Maximum 58 Fe interferences are 6% for grains 70-1 and 73-2. As will be seen and discussed in detail below, many X grains have excesses in 57 Fe ranging up to 1000c. According to the most likely interpretation of these results in the framework of supernova models, 57 Fe excesses are expected to be accompanied by excesses in 54 Fe excesses scaled to the 57 Fe excesses observed in the grains, the isotopic shifts are usually minor.
RESULTS
The elemental and isotopic data are given in Tables 1 and 2 . Not all grains for which we obtained C and Si isotopic ratios had their Fe and Ni isotopes measured. Figures 2 and 3 show the N, C, and Si isotopic ratios of the grains of this study. The Si isotopic ratios in Figure 3 are plotted as -values, deviations from the solar ratios in permil (c). All X grains have 15 N excesses relative to solar. We use the 14 N/ 15 N ratio of air (272) for solar, although the ratio of 435 measured in Jupiter's atmosphere might be more representative of the solar ratio (Owen et al. 2001) . Most X grains have larger than solar 12 C/ 13 C ratios, reaching almost 10,000. In a Si three-isotope plot (Fig. 3) , most X grains lie close to a line with slope 0.6. These grains were named X1 grains by Lin et al. (2002) . The rest of the X grains plot below this line but do not follow a simple trend. Figure 4 shows the Fe isotopic ratios of those grains that differ from solar by more than twice the experimental uncertainty in either one or both ratios. As are the Si ratios in Figure 3, Note.-All errors are 1 . -N and C isotopic ratios of grains of this study. N isotopic ratios were not measured in all grains (see Table 1 ). In this and in subsequent isotope plots the broken lines indicate solar isotopic ratios. 2004); however, the X grain showed marginal, small (40c and 32c) enhancements in both ratios.
Ni isotopic ratios, again only of anomalous grains, are plotted in Figure 5 . The largest anomalies, mostly excesses, are seen in 61 Ni. We found only excesses for 62 Ni. Except for four grains, 62 Ni excesses in X grains are not larger than those in other grain types. Grain 69 is peculiar in that it has a large 62 Ni excess and a clearly resolved 60 Ni excess, but a normal 61 Ni / 58 Ni ratio. In addition, it also exhibits deficits in 54 Fe and 57 Fe (see Fig. 4 ). We will discuss it in more detail below. (Anders & Grevesse 1989) . Two remarkable facts can be seen in the graph. First, the Ni/ Fe ratios of the X grain are much higher than the solar ratio. Second, it is apparent that the grains with large 57 Fe excesses have smaller Ni/Fe ratios than grains with no or moderate 57 Fe excesses. Co/Fe ratios in the grains are also much higher than the solar ratio, but there is no obvious correlation between 57 Fe/ 56 Fe ratios and Co/ Fe ratios ( Fig. 7b) . The situation becomes even more intriguing if one plots the Ni versus the Fe contents of the grains ( Figs. 8a and 8b) . Almost all mainstream and AB grains and many X grains plot along a single line. No grains plot above this line, but the remaining X grains plot to the right of it. With a few exceptions, these grains have large 57 Fe excesses. The numbers written next to these X grains in the two plots are their 57 Fe/ 56 Fe values. The correlation line has a slope (Ni/Fe ratio) of $5.5, much higher than the solar Ni/Fe ratio of 0.059 (Anders & Grevesse 1989) . Figs. 6, 16, 18, 19 , and 20 we plot only grains whose isotopic ratios differ from normal ratios by more than 2 in one coordinate or the other. Here and in subsequent isotope plots error bars are 1 . An inspection of depth profiles of the ion signals during the NanoSIMS measurements shows that Fe excesses relative to the Ni versus Fe correlation line in Figure 8 are associated with Ferich subgrains or clusters of subgrains inside of the SiC grains. An example is shown in Figure 9a , where we plot the ion signals of 28 Si and some of the Fe isotopes of the X grain 97 as a function of measurement time. As the primary beam sputters through the SiC grain, an Fe-rich subgrain is exposed. However, the large increase of the Fe signal is not followed by a corresponding increase of the Ni signal. Outside of the Fe-rich subgrain the Ni/Fe ratio is $5, close to the slope of the correlation line in Figure 8a and 8b. In other words, these portions of the grain would plot on the correlation line in Figure 8 ; the Fe excess in the subgrain shifts the total composition of the grain to the right of this line. The composition of the subgrain alone plots even more to the right ( Fig. 8a) . The whole grain 97 has an 57 Fe excess of 890c. In Figure 9b, Another example of internal Fe isotopic heterogeneity within a given X grain (grain 404) is shown in Figure 10 , where two Fe-rich subgrains have different 57 Fe/ 56 Fe ratios. Similar to grain 97, the Ni in this grain is fairly uniformly distributed. Interestingly, in the first subgrain the increase in the Fe signal is accompanied by an increase in the Co signal. This is not clearly the case for the second Fe-rich subgrain. Thus, the Fe/Co ratio varies among different subgrains. In all X grains with Fe-rich subgrains, the Ni signal is completely uncorrelated with the Fe signal.
A grain that is different from the above two examples is X grain 82-1. Although the Fe and Ni signals in this grain are also not well correlated and Fe shows a large excess over Ni (Fig. 11a) relative to the correlation line in Figure 8a , the 57 Fe and 61 Ni excesses observed in this grain are fairly uniformly distributed throughout the grain ( Figs. 11b and 11c) . In contrast to the first subgrain in grain 404 ( Fig. 10a) , the profile of Co in grain 82-1 correlates better with Ni than with Fe ( Fig. 11a) .
Isotopic heterogeneity within a given SiC grain is not restricted to grains with 57 Fe excesses. An example of this observation is demonstrated by the depth profiles observed in X grain 69 (Fig. 12) . This grain has already been mentioned above because it has 54 Fe and 57 Fe deficits, essentially normal 61 Ni/ 58 Ni, and a large 62 Ni excess. As can be seen in Figure 12b , the 57 Fe depletion is larger in the second Fe-rich region than in the first one. In contrast, the 62 Ni excess appears to be fairly uniformly distributed throughout this grain (Fig. 12c) .
The X grain 85 has deficits in both 57 Fe and 61 Ni. This grain does not have any obvious subgrains and the Fe and Ni are smoothly distributed throughout the grain ( Fig. 13) with a Ni/Fe ratio close to 5. In Figure 8a it plots on the Ni-Fe correlation line. The 57 Fe and 61 Ni depletions in this grain are uniformly distributed. Most of the grains plotting to the right of the correlation line in Figure 8a are X grains. One exception is grain 18, a mainstream grain whose depth profiles are shown in Figure 14 . There are two Fe-rich regions in this grain, of which the second one is quite pronounced, separated by a region with the canonical Ni/Fe ratio of 5. The increase of Fe in the second, but not the first, subgrain is accompanied by a smaller relative increase in Ni. In contrast, the Co signal shows the same relative increase as the Fe signal. It is noteworthy that this grain has an excess in 62 Ni but normal ( Fig. 5) . Figure 14b shows that this excess is more or less uniformly distributed throughout the grain. Mainstream grain 443-6-1 has excesses in 60 Ni and 62 Ni ( Fig. 5 ), but in contrast to grain 18, the Fe and Ni, fairly low in concentration ( Table 2) , are smoothly distributed throughout this grain.
In summary, there are large variations in the isotopic compositions of the grains, especially for the X grains, and the distributions of the isotopes within the grains. Two features in their Fe and Ni isotopic and elemental compositions distinguish X grains from the other grain types. First, Fe and Ni isotopic anomalies are much larger in X grains and second, many of the X grains have Fe-rich subgrains, and as a consequence lie to the right of the correlation line on which most of the other grains lie in a Ni versus Fe concentration plot (Figs. 8a and 8b ). These X grains typically contain the largest 57 Fe and 61 Ni excesses.
4. DISCUSSION
Elemental Compositions
We were surprised to find such high Ni concentrations in the grains, which in most cases exceed those of Fe. Previously, contents of Fe have been measured by SIMS in presolar SiC grains (Virag et al. 1992; Amari et al. 1995; Hoppe et al. 2000) . Kashiv et al. (2001 Kashiv et al. ( , 2002 and, more recently, Knight et al. (2008) determined concentrations of trace elements, including Fe and Ni, in presolar SiC grains by synchrotron X-ray fluorescence. Knight found that in most grains Ni concentrations exceed those of Fe (K. Knight 2008, private communication) . Figures 8a and 8b show a line with the solar Ni/Fe ratio. The slope of the correlation line defined by most SiC grains exceeds the solar Ni/Fe ratio by a factor of $90. The most likely stellar sources are Type II supernovae for X grains and AGB stars for mainstream grains. In the SN layers which contributed most material to the formation of X grains and in the envelope of C-rich AGB stars, the Ni/Fe ratio is believed to be close to solar. Thus, the Ni/Fe ratio of $5.5 means that in most SiC Ni is fractionated over Fe by a factor of $90 relative to the atmosphere in which the grains condensed.
The prevalent Ni/Fe ratio of $5.5 in most mainstream and AB and many X grains must be the result of some chemical constraint. The mostly uniform distribution of Ni (and Fe in grains without Fe-rich subgrains or in regions without such subgrains) indicates that both elements are present as solid solutions ( Lodders & Fegley 1995) . Both Fe and Ni form carbides, Fe 3 C and Ni 3 C. Large fractionation between elements present in SiC relative to the source compositions has previously been observed. For example, Mg in presolar SiC grains is depleted by factors up to 1000 relative to Al and the solar abundances of these two elements (Amari et al. 1995) . This has been explained by their very different chemical properties. Al is much more refractory than Mg and probably condenses into SiC as AlN ( Lodders & Fegley 1995) . However, Fe and Ni are much more similar in their physical and chemical properties, and if anything Ni is more volatile than Fe. It is thus completely unexpected that Ni shows such a large relative overabundance in most presolar SiC grains. At present we do not have a satisfactory explanation for this observation, but plan to investigate it in detail in a separate study.
Fe-rich subgrains have previously been observed in transmission electron microscopy (TEM ) studies within X grains (Hynes et al. 2006a ). These subgrains show large variations in the Ni/Fe ratio, which range from 0.21 to 1.9. Because of the high general concentration of Ni throughout the grains, it is difficult to estimate the Ni/Fe ratio within the Fe-rich subgrains inferred from the depth profiles in the SiC grains of this study. There appears to be a slight Ni enhancement in the area of the Fe-rich subgrain in X grain 97 (Fig. 9a) . Since equal 56 Fe + and 58 Ni + signals correspond to a Ni/ Fe ratio of 5 (a consequence of the relative ion yields of Fe and Ni and the relative abundances of these two isotopes), the Ni/Fe ratio of the subgrain is estimated to be approximately 0.5. In a similar way, we can estimate that the Ni/Fe ratio in the first subgrain of X grain 404 ( Fig. 10a) is about 0.12. In the region of the second subgrain, we cannot discern any corresponding excess in the 58 Ni + signal. In X grain 82-1, we consider the subgrain corresponding to the bump in the 56 Fe + signal between 2000 and 2200 s and obtain a Ni/Fe ratio of 0.66. In X grain 69 (Fig. 12a) , some of the bumps in the 56 Fe + signal are accompanied by bumps in the 58 Ni + signal (e.g., at 380 and 760 s), with estimated Ni/ Fe ratios of 2.3 and 2.0. For the subgrain at 920 s, we estimate a Ni/Fe ratio of 0.3. Finally in grain 18, a mainstream grain (Fig. 14a) , the first Fe-rich region is not accompanied by any increase in the 58 Ni + signal; however, the second Fe-rich subgrain contains Ni. For this subgrain, we obtain an estimated Ni/Fe ratio of 0.25. Similarly to Ni, Fe-rich subgrains also contain Co. For the first Fe-rich subgrain in grain 404 (Fig. 10a) we estimate a Co/ Fe ratio of 0.024, for the last bump in grain 82-1 ( Fig. 11a ) we obtain Co/Fe ¼ 0:031, and for the Fe-Ni-rich subgrain in grain 18 (Fig. 14a) we obtain a ratio of 0.025. Ti-rich subgrains have previously been observed during Ti isotopic measurements of mainstream grains (Gyngard et al. 2006) . Apparently, mainstream grains contain also Fe-Ni-Corich subgrains. Although there are considerable uncertainties in our estimates of the Ni/Fe and Co/ Fe ratios, it is obvious that the Ni/Fe ratio in subgrains covers a large range, confirming the TEM observations by Hynes et al. (2006a) . The Co/ Fe ratio seems to be more uniform, but we analyzed only a limited sample.
Isotopic Compositions

Supernova Grains
The X grains show large excesses in 57 Fe (Fig. 4) and 61, 62 Ni, and smaller excesses in 60 Ni (Fig. 5 ). There are several zones in Type II supernovae that show these isotopic signatures. In Figure 15 , we show the abundances of the Fe and Ni isotopes in the interior zones of a 25 M supernova model by Rauscher et al. (2002) . Different zones are labeled according to their most abundant elements ( Meyer et al. 1995) . It has previously been discussed (e.g., Zinner 1998 Yoshida & Hashimoto 2004) Because Fe and Ni are relatively heavy, their isotopic abundances are not affected by core H burning during the hydrostatic phase and shell H burning in the He/N zone. As a consequence, the isotopic ratios of these elements in the H envelope and the He/ N zone are still their original ratios, assumed to be solar ( Fig. 15) . As we enter the He/C zone from the He/ N zone, the abundances of 57, 58 Fe and 61,62 Ni increase abruptly. They increase further as we cross the He/C zone toward the O/C zone (Fig. 15) . In contrast, the abundances of 54, 56 Fe and 58, 60 Ni decrease slightly at the border between the He/N and He/C zones and more rapidly close to the O/C zone. The reason for this behavior is slow capture of neutrons produced by the [2007] and references cited therein). While the weak s-component mostly produces nuclei with atomic masses from 65 to 90, this process also strongly affects the Fe and Ni isotopes. Neutron capture in massive stars takes place during He core burning, as well as during convective shell C burning Pignatari et al. 2006; Heil et al. 2008) . As a consequence, the Fe and Ni isotopes in the He/C zone and the underlying O/C and O/ Ne layers ( Fig. 15) show strong signatures of the s-process. The 57,58 Fe and 60, 61, 62 Ni abundances increase whereas 56 Fe and 58 Ni abundances decrease. 54 Fe is bypassed by the s-process path and thus behaves like a p-only nuclide. Its original abundance decreases due to neutron capture.
One can explain the Fe and Ni isotopic ratios of X grains quite well by mixing material from the He/N and He/C zones. In Figures 16a and 16b , we plot, in addition to the grains' isotopic ratios, lines obtained by mixing material from the He/N zone with variable amounts from two layers of the He/C zone. Mix He/C-a uses a composition just below the He/ N zone at interior mass 8.05 M (see Fig. 15 ); mix He/C-b uses a composition close to the O/C zone, at interior mass 7.14 M . As can be seen, the ratios obtained from this mixing model cover those of most X grains quite well, considering that He/C layers between the two chosen layers will results in intermediate slopes of the mixing lines in Figure 16b . We have to keep in mind that Ni/ Fe ratios vary within individual grains, as well as among different grains. Thus, we have to allow for fractionation between Ni and Fe in the mixing models in order to cover the whole range of most of the data points in Fig. 16c .
The X grains with 57 Fe deficits are exceptions to this mixing model, especially grain 69. The Ni isotopic ratios of the latter can be explained by admixture of material from the O/C zone, but not the Fe isotopic ratios. As can be seen in Figure 15 , the abundance of 62 Ni becomes very high in this zone. In addition, the outer layer of the O/C zone is rich in 60 Fe, a radionuclide with a halflife of 1.5 Myr, which, if it would have been incorporated into grains, decays into 60 Ni. In Figures 16aY16c , we plot lines resulting from mixing material from the He/N zone with material from the O/C zone at interior mass 7.0 M . In the top panel of Figure 16b , we include the contribution from 60 Fe. This contribution depends on the Ni/Fe ratios; we plot lines for the extreme ratios 0.3 and 7.3 found in X grains ( Table 2 ). The range in the Rauscher et al. (2002) . The vertical coordinate is the mass fraction of a particular isotope, the horizontal coordinate the interior mass in solar mass units. The different zones are labeled according to the two most abundant elements ( Meyer et al. 1995 (Figs. 16a and 16c) . The 57 Fe deficits in X grains present a general problem and we shall return to this topic below.
Evidence for the initial presence of several short-lived radionuclides has been found in presolar grains (e.g., Zinner et al. 2006a ), but we cannot add 60 Fe to the list. SiC X grains are not good samples for a search for 60 Fe. The Fe/ Ni ratios in these grains are much too low for any 60 Ni excesses originating from 60 Fe decay to be observable. The X grains 437 and 69 could carry some radiogenic 60 Ni, but we cannot establish any incontrovertible evidence for it. As discussed above, the Fe isotopic ratios of these two grains do not support mixing with material from the O/C zone. The upper O/C mixing line in Figure 16a is for a Fe/N ratio of 3.3. If this ratio were 100, the line would be much steeper and 60 Ni excesses might be much larger than the anomalies in any other Ni isotopes. This would be analogous to the situation for the Al-Mg system in presolar SiC and corundum grains. In such grains, the Al /Mg ratio can reach values in excess of 1000, and in some grains, Mg consists mostly of 26 Mg from the decay of 26 Al. In summary, admixture of the O/C cannot explain the Fe and Ni isotopic ratios of the X grains we analyzed and we cannot claim any evidence for the prior presence of 60 Fe. An additional problem to be discussed below is that the O/C zone is extremely rich in 58 Fe, and the correction for 58 Fe to the 58 Ni signal would become enormous. The Fe and Ni isotopic compositions of the O/ Ne and O/Si zones also do not fit the isotopic ratios measured in the X grains; 62 Ni is too abundant and 57 Fe not abundant enough. In addition, contributions from these zones would result in O/C ratios being larger than unity and SiC grains would not condense under such conditions.
Mixing with Material from the Core
Let us next look at the innermost zones of the supernova, where nuclear reactions approach a quasi-statistical equilibrium (QSE) and full nuclear statistical equilibrium ( NSE), producing the Fepeak elements (see, e.g., Meyer & Zinner [2006] ; for a discussion of the nucleosynthesis of the Fe isotopes in these zones, see Clayton et al. 2002) . In this regime, the abundances of the different isotopes are mostly determined by their binding energies. In Figure 17 , we plot the abundances of the Fe and Ni isotopes in the inner zones of the Rauscher et al. (2002) 25 M supernova model. We plot the so-called total abundances after the decay of unstable precursors. At the time of the SN explosion, the core 61 Ni and 62 Ni also receive contributions from radioactive precursors, which, however, decay on a timescale of hours.
Since the core is so rich in Fe and Ni, even an admixture of 1% of core material to material from the He/N zone will change the Fe and Ni isotopic compositions significantly. The isotopic composition of the inner core (Fig. 17) Figure 16a misses all X grains and that in Figure 16b Figure 16c , the core mixing line is close to the first He/N-He/C mixing line, but the maximum predicted 57 Fe/ 56 Fe and 61 Ni/ 58 Ni values are too small to cover the range spanned by the grain data.
However, we note that the Co/ Fe ratios, not only in X grains (Fig. 7b) but also in mainstream and AB grains, are much higher than the solar ratio (see Table 2 ). Thus, if X grains condensed at a time when 57 Co was still present while most of 56 Co had decayed into 56 Fe, and if Co is preferentially included into the grains, final 57 Fe excesses could be produced that are not accompanied by large 54 Fe deficits. In Figures 16a and 16c , we show also mixing curves obtained by mixing core material with material from the He/N zone under the assumption that Co and Ni condense into SiC 10 times more readily than Fe. The three lines correspond to formation times of 150, 385, and 1000 days after the explosion. After 150 days, there is still enough 56 Co present so that its inclusion in the grains, combined with the lack of 54 Fe from the core, results in substantial 54 Fe deficits accompanying 57 Fe excesses. A condensation time of 385 days after the explosion gives the maximum (negative) slope in Figure 16a . At this time, most of the 56 Co has decayed into 56 Fe, while there is still enough 57 Co present to result in 57 Fe excesses with minimal 54 Fe deficits. Even this line misses most X grain data. Finally, after 1000 days, a substantial amount of 57 Co has decayed into 57 Fe and the effect of Co/ Fe fractionation is reduced. As the time of condensation increases, the mixing curves approach the line without any Co/ Fe fractionation. Increasing the Co/ Fe fractionation factor gives steeper mixing lines. Shown in Figure 16a is a mixing line with an assumed Co and Ni fractionation factor of 50 relative to Fe and the optimal condensation time of 385 days. This line comes close to the He/N-He/C mixing lines and the data points. However, as seen in Figure 7b , only a few X grains show such a large enrichment of Co over Fe compared to solar. This figure also shows that there is no correlation between 57 Fe excesses and Co/ Fe ratios.
The Ni isotopic ratios of the grains do not support mixing with core material. Because the radioactive precursors of 61 Ni and 62 Ni have short half-lives, they will have decayed by the time of grain formation. The Ni isotopes will therefore condense into the SiC grains as Ni. As a consequence, the Ni isotopic ratios predicted by core mixing are independent of Co/ Fe and Ni/Fe fractionation, and the ''Mix core'' line shown in Figure 16b will remain the same, missing most of the grains. In Figure 16c elemental fractionation changes the core mixing curve because it affects the 57 Fe/ 56 Fe ratio. All mixing curves have small slopes, essentially missing the grain data. The reason is that elemental fractionation increases the 57 Fe/ 56 Fe ratio, while the 61 Ni / 58 Ni remains the same with a maximum 61 Ni / 58 Ni of 740c of the core. In summary, the Fe and Ni isotopic ratios observed in X grains cannot be satisfactorily explained by contributions from the inner core. Admixture from the He/C zone as discussed above is a more likely explanation for the observed isotopic compositions. Cr ratios for individual grains obtained by this correction procedure are larger that the solar ratio, 54 Fe/ 56 Fe ratios corrected with these ratios will be smaller than the ratios we obtained with the solar 54 Cr/ 52 Cr ratio. Figure 18 shows the Fe Figure 19 shows the Ni isotopic ratios of X grains obtained in this way, together with the ratios obtained under the assumption of solar 58 Fe/ 56 Fe ratios. As for the 54 Fe/ 56 Fe ratios, the changes in the Ni isotopic ratios differ among grains because they depend on the 57 Fe/ 56 Fe ratios and the Ni/Fe ratios of individual grains. As can be seen in Figure 19a , the new Ni isotopic ratios improve the agreement with theoretical expectations in that many negative 60 Fe in the O/C and O/ Ne zones are much higher than those in the He/C zone (e.g., Rauscher et al. 2002 ; for 58 Fe see also Fig. 15 ). On the other hand, the abundances of the reference isotopes 52 Cr and 56 Fe are much lower. A consequence is that, if some material from these zones is admixed to material from the He/N (and He/C) zone, the corrections for 54
Cr and
58
Fe become much larger. This would result in larger 54 Fe deficits and larger 60, 61, 62 Ni excesses than those shown in Figure 18 and Figure 19 Fe corrections make this situation even worse, and thus provide additional evidence against any substantial contributions from the O/C zone. For the comparison of the Fe and Ni isotopic data we so far used the 25 M model by Rauscher et al. (2002) . In order to see how much the model predictions depend on the mass of the SN we also performed mixing calculations for the 15 M model. For the Fe isotopic ratios the results are very similar to those obtained with the 25 M model. For mixing of material from the He/ N zone with material from different layers of the He/C zone and material from the O/C zone we again obtain mixing lines that, in a Fe three-isotope plot such as that in Figure 16a , are close to the y-axis. These mixing lines cover the data for grains with 57 Fe excesses quite well. Similar to the 25 M SN model (Fig. 16a) , lines resulting from mixing between He/N and Ni-core material cover a range in (negative) slopes depending on varying assumptions of Co/ Fe fractionation and grain formation time; however, most of these lines miss the grain data. Also, since the Ni isotopic ratio data seem to exclude any substantial contributions from the Ni core, we do not display the results of mixing calculations for the Fe isotopes.
For the Ni isotopic ratios the results of mixing for a 15 M SN model are shown in Figure 19b and compared to the data for Figure 19a , we also scaled the 58 Fe/ 56 Fe ratios predicted for the 15 M model with the 57 Fe/ 56 Fe ratios measured in the individual grains. In contrast to Figure 19a , only the Ni ratios corrected in this way are plotted in Figure 19b . As can be seen, the mixing lines are somewhat steeper for the 15 M model than for the 25 M model and, for the mixes with the He/C zone, appear to cover the grain data slightly better. Again, the mixing lines for mixing with material from the O/C zone and the Ni core in the lower panel ( 61 Ni/ 58 Ni vs. 62 Ni/ 58 Ni) miss most of the grain data and this mismatch excludes substantial contributions from these zones.
The Rauscher et al. (2002) SN models used the nuclear cross sections given by Bao et al. (2000) . Recently, new determinations of the 60 Ni and 62 Ni neutron-capture cross sections have been made (Corvi et al. 2002; Nassar et al. 2005; Alpizar-Vicente et al. 2008) . The most important change has been an increase of the 62 Ni capture cross section by almost a factor of 2. The Fe and Ni isotopes in the He/C, O/C, and O/Ne zones are affected by neutron capture, and the large abundances of 57 Fe, 58 Fe, 61 Ni, and 62 Ni found in these zones (see Fig. 15 ) are due to the weak s-process. An increase of the 62 Ni n-capture cross section will result in a reduction in the 62 Ni abundance. While we still have to await the results of full-blown SN models, we can estimate the expected 62 Ni abundance in the layers that experienced neutron capture. Following the suggestion of , we used the 54 Fe abundance in these zones to obtain an estimate of the total neutron exposure suffered by a given layer. Since the s-process does not feed 54 Fe, which thus behaves like a p-process nuclide, this isotope (as well as 56 Fe and 58 Ni) is destroyed by neutron capture (see Fig. 15 ). With the total neutron exposure derived from the 54 Fe abundance relative to the original abundance (still preserved in the H envelope and the He/N zone; see Fig. 15 ), we calculated the expected 62 Ni abundances. We obtain abundances that are 94% in the outer He/C zone, 72% in the inner He/C zone, and 63% in the outer O/C zone relative to those in the 25 M SN models calculated with the Bao et al. (2000) cross sections. The resulting mixing curves are shown in Figure 19c . Since the expected 62 Ni abundances are smaller than in the original model, the mixing lines are steeper than those for the model with the old cross sections ( Fig. 19a) , as can be seen by comparing the two figures. Similarly, the mixing lines for the 15 M model with the new cross sections would be steeper than those in Figure 19b . However, for the He/ N-He/C mix all these cases would cover most of the grain data fairly well if we adjust the position (i.e., interior mass) of the chosen He/C layer and the mixing ratio for individual grains. In all cases, the He/ N-O/C mixing lines miss most of the grain data in the 61 Ni/ 58 Ni versus 62 Ni/ 58 Ni threeisotope plot (bottom panels in Figs. 19b and 19c) . Since the Ni isotopes in the Ni core are produced by NSE or QSE burning, the Ni isotopic ratios in this zone are not affected by the neutroncapture cross sections. It has long been realized that the Si isotopic compositions of X grains require a contribution from the Si/S zone, where the Si consists mostly of 28 Si (see Fig. 17 ). However, as can be seen, this zone is also rich in 54 Fe. Admixture of only 1c of material from the Si /S zone at 2.35 M ( Fig. 17) 54 Fe excesses in X grains is elemental fractionation between Si and Fe. In this scenario only Si from the Si/S zone made it into the mix from which the X grains condensed, but it was not accompanied by the large amount of 54 Fe from this zone. Neither alternative is very appealing. The first consists of finetuning SN mixing in order to reproduce the grain's isotopic compositions, while the second consists of invoking a chemical process we really do not understand. As was discussed in connection with the Fe, Co, and Ni elemental distributions within the grains, there is plenty of evidence for elemental fractionation in X grains. Fractionation can certainly occur during grain formation, when different trace elements condense into SiC in varying degrees, according to volatility. In addition, the preferential ability of some elements to form compounds such as carbides, which can fit into the SiC crystal structure, is an important consideration. Another possible mechanism of elemental fractionation is the inclusion of subgrains. We have seen that X grains contain Fe-rich subgrains whose Ni/Fe ratios are quite different from the Ni/ Fe ratio in the rest of the grain. In some cases, these subgrains have different Fe isotopic ratios from each other and from the rest of the SiC grain. Thus these subgrains must have condensed in reservoirs of the same supernova that are different from the reservoir in which the SiC grains condensed. Transmission electron microscope investigations of X grains (Stroud et al. 2004; Hynes et al. 2006b ) have shown that the grains appear to consist of aggregates of smaller units, implying rapid grain growth. These subunits probably condensed independently, although they were temporally contiguous, and were later welded together. Thus it is conceivable that the 28 Si from the Si/S zone was separated from the 54 Fe in this layer by condensation into different compounds. This is not a well-understood field, and it is made more difficult by the fact that the elemental compositions of different SN layers are very different from the solar composition. We can only hope that future studies of condensation in such extremely nonsolar gases will shed light on the possible physical separation of different elements in SN ejecta. (Fig. 17) . We mixed material from each of these layers with either material from the He/N zone or with a mix of He/N and He/C material. In each case we encountered serious problems with other isotopic ratios. By mixing about 1% from the core layer at mass 2.1 M to He/ N material we obtain 57 Fe/ 56 Fe ¼ À480c and 54 Fe/ 56 Fe ¼ À24c. As an additional benefit, we obtain 29, 30 Si depletions of about 480c. However, we also obtain depletions in 60, 61, 62 Ni of 550c, which are not seen in the grains (Fig. 6b) . The reason is that in this core layer the abundances of these three Ni isotopes have dropped to almost zero ( Fig. 17) Ni ¼ 24; 200c) . In addition, the high O abundance from this layer results in a O/C ratio of $300, not conducive to the condensation of SiC. Thus, it does not appear to be possible to explain the 57 Fe deficiencies observed in several grains by the predicted compositions in zones of a given supernova.
The range of Si and Ti isotopic ratios observed in mainstream, Y, and Z SiC grains have been interpreted not to be the result of nucleosynthesis in a given stellar source, but to reflect the initial compositions of the grains' parent stars. These initial compositions have in turn been related to the Galactic evolution of these isotopes, indicating that stars with different metallicities contributed SiC grains to the solar system (see, e.g., Timmes & Clayton 1996; Alexander & Nittler 1999; Lugaro et al. 1999; Nittler & Alexander 2003; Zinner et al. 2006b . We therefore investigated whether Galactic evolution of the Fe isotopes could explain deficits in 57 Fe. From the total yields of Fe isotopes calculated from Chandrasekhar-mass ( Nomoto et al. 1997 ) and sub-Chandrasekhar-mass (Woosley & Weaver 1994 ) models of Type Ia supernovae and from core-collapse ( Type II ) supernovae Nomoto et al. 1997; Rauscher et al. 2002) Table 3 ) and cannot offset the large 54 Fe contributions from Type Ia supernovae.
4.2.1.7. Iron Implantation in Presolar Supernova Grains? Clayton et al. (2002) proposed that SiC grains of type X originally condensed from material in the Si-rich Si /S zone (see Fig. 17 ), but that later these grains moved through the reverse shocked gas of overlying layers, and that elements from these layers, among them Fe, were implanted. Our present study, as well as previous ones, do not support this proposal. First, the X grains contain Fe-rich subgrains, which in some cases have different Fe isotopic compositions. These subgrains apparently existed as separate grains and were included into the condensing SiC grains. Alternatively, they accreted together with smaller SiC grains and were then fused into the larger X grains we now analyze in the laboratory. Second, most of the Fe and Ni in the grains comes from zones that have close-to-solar isotopic compositions, implying that the Fe/Co/ Ni ratios in these zones are approximately solar. We observe large excesses of Co and Ni over Fe in most grains (see Figs. 7a and 7b ). Implantation from a gas would not distinguish between different elements and thus could not result in large fractionation between these elements. Fractionation is also observed for other elements. For example, Mg in X grains is even more depleted than Fe, whereas Al contents are quite high. Clayton et al. (2002) (Corvi et al. 2002; Alpizar-Vicente et al. 2008 ).
an implantation depth of up to 0.1 m. While concentrations of Fe, Co, and Ni might vary inside of X grains, it is clear from the depth profiles in Figures 9Y13 that these elements are not confined to the surfaces of the grains, which, on average, are 2.5 m in size. Thus, there is plenty of evidence that trace elements either condensed into the SiC X grains or were included as subgrains, but were not implanted.
Grains from AGB Stars of Low-to-Intermediate Mass
The Fe and Ni isotopic compositions of many of the other SiC grain types are no less puzzling than those of some of the X grains. Most of the mainstream and AB grains have solar isotopic ratios ( Table 2 ) and are not plotted in Figures 4Y6 . Mainstream, Y, and Z grains are believed to have an origin in C-rich AGB stars, the mainstream grains in stars of close-to-solar metallicity, and Yand Z grains from stars of lower-than-solar metallicity. In the thermally pulsing phase of these stars, the capture of neutrons in the He intershell, either from the 13 C(, n) 16 O or 22 Ne (, n) 25 Mg neutron sources (e.g., Busso et al. 1999; Herwig 2005) leads to destruction of 54 Fe and 58 Ni and production of 57 Fe, 60 Fe, 61 Ni, and 62 Ni. Each thermal pulse (TP) is followed by the so-called third dredge-up (TDU), which mixes newly processed material from the He intershell into the star's envelope. Table 3 gives predicted Fe and Ni isotopic ratios in the envelope of AGB stars of different masses and metallicities at the time after the last thermal pulse and the subsequent third-dredge-up episode. Since the amount of 13 C in the intershell cannot be derived from first principles, a free parameter, the strength of the so-called 13 C pocket, is used (Gallino et al. 1998) . The -values given in Table 3 are obtained with the standard (ST) 13 C pocket. Recent measurements of Mo, Zr, and Ba isotopic ratios in individual mainstream grains constrain the 13 C pocket to values close to the ST case (Barzyk et al. 2007; Marhas et al. 2007c ). The isotopic ratios are given for models using the neutron capture cross sections of Bao et al. (2000) . We also include model predictions calculated with the new cross sections for 60 Ni (Corvi et al. 2002) and 62 Ni (Alpizar-Vicente et al. 2008) . In particular, the cross sections for 62 Ni have been found to be much higher than those given by Bao et al. (2000) , resulting in smaller predicted 62 Ni excesses (see Table 3 ).
As has been mentioned above, the range of Si and Ti isotopic ratios of SiC grains from AGB stars is determined by both nucleosynthesis in the parent stars and Galactic evolution of the isotopes. This is most likely also the case for the Fe and Ni isotopic ratios. The predictions shown in Table 3 assume that the initial isotopic compositions of the parent stars are solar. This is most likely not the case, and the -values given in the table should be considered shifts from the original isotopic ratios. Let us look first at the Fe isotopic ratios. Figure 20a shows the Fe isotopic ratios of mainstream, AB, Y, and Z grains together with predictions for 3 M stars with a range of metallicities. AGB models predict small 54 Fe deficits and larger 57 Fe excesses in stars Bao et al. (2000) are used in the models; in (c), the recently determined cross sections for 60 Ni (Corvi et al. 2002) ( Fig. 4) pose the same problem as those in X grains. As discussed in connection with those X grains, SN models indicate that the 57 Fe/ 56 Fe ratio is not expected to undergo any strong Galactic evolution. The 57 Fe deficits in X and mainstream grains thus remain a puzzle. Another puzzle is presented by the 54 Fe excesses measured in a Y and a Z grain (Fig. 20a) . These grain types are believed to originate from stars of lower-than-solar metallicity, and we expect low-metallicity stars to have 54 Fe deficits rather than excesses. For the Y grain, the correction for 54 Cr is unusually large (73%). Thus, some of the excess could possibly be due to undercorrection. However, in order to obtain a normal 54 Cr would have to be increased over the solar ratio by 550c. This is unlikely in view of the fact that in this grain 57 Fe/ 56 Fe ¼ 75c AE 75c. For Z ¼ Z /2, typical for Y grains (Zinner et al. 2006b ) and AGB stars of masses 1.5Y3 M , the predicted 54 Cr excesses are between 1.3 and 1.5 times the predicted 57 Fe excesses ( Ni / 58 Ni ratios evolve from larger to smaller values with time (or metallicity) during Galactic history before the formation of the solar system. Type II SN models for low metallicity (0.1 and 0.01 Z ) give much larger than solar 60, 61, 62 Ni / 58 Ni ratios . Even the average of Type II SN models of solar metallicity (weighted with the Salpeter initial mass function) gives positive -values ( Nomoto et al. 1997) . Type Ia Chandrasekhar-mass SN models, on the other hand, yield much lower than solar 60, 61, 62 Ni/ 58 Ni ratios because of the large overproduction of 58 Ni in these stars (Travaglio et al. 2004 ). The evolution from larger to smaller ratios corresponds to trajectories from the upper right to the lower left in the graphs of Figures 20b and 20c. Lacking a detailed Galactic evolution model, which would exceed the scope of this paper, we do not know the slopes of these curves. Under the assumption that stars of solar metallicity have solar Ni isotopic ratios, the parent stars of Y and Z grains, assumed to be of lower-than-solar metallicity, are expected to have initial Ni isotopic ratios that plot to the upper right of the origin (solar ratios) in the Figure 20b and Figure 20c graphs. Since the effect of AGB nucleosynthesis is to shift these compositions even farther to the upper right (lines in these figures), the Ni isotopic ratios of the Yand Z grains cannot be satisfactorily explained by a combination of Galactic evolution and neutron-capture nucleosynthesis in AGB stars. So far, we have tacitly assumed that Galactic evolution proceeds along elemental and isotopic compositions that are a thorough mix of the contributing stellar sources. This, however, does not have to be the case, and in fact, heterogeneities in the interstellar medium have been discussed before in connection with the Si isotopic ratios of mainstream SiC grains (Lugaro et al. 1999) . Other isotopic ratios in these grains, in particular those of Ti, indicate that the extent of heterogeneity is limited (Nittler 2005) . Still, it is certainly possible that a single precursor star strongly influenced the isotopic compositions of the parent star of a given presolar dust grain. We might pursue this question in the future.
A few of the AB grains have isotopic anomalies in Fe and Ni ( Figs. 4 and 5) . Because the stellar sources of AB grains have not yet been unambiguously identified (Amari et al. 2001c) , it is not possible to compare the grain data with theoretical models of their production. Amari et al. (2001c) proposed as a stellar source of some AB grains born-again AGB stars such as Sakurai's object (Asplund et al. 1997 (Asplund et al. , 1999 . Recently, Jadhav et al. (2008) identified graphite grains with huge Ca and Ti isotopic anomalies and considered born-again AGB stars as a possible stellar source. These stars lost essentially their entire envelope and their surface composition is expected to be dominated by He-shell material, only slightly diluted by the residual envelope. For such a composition we predict large excesses of 57 Fe and 61, 62 Ni and smaller excesses in 60 Ni, much larger than the 57 Fe excesses observed in two AB grains ( Fig. 4) . Furthermore, the excesses in these two grains are not accompanied by corresponding 61 Ni excesses ( Fig. 6b and (Figs. 20b and 20c ), but we do not have any explanation.
CONCLUSIONS
We measured Fe and Ni isotopic ratios in 39 mainstream grains, 37 X grains, 11 AB grains, two Y grains, and one Z grain from the Murchison SiC separate KJG . The grain type classification was based on the grains' C and Si isotopic ratios. For most grains (all X grains), we also measured the N isotopic ratios.
The Ni/Fe and Co/ Fe ratios in all grain types are much higher than in the gas from which the grains are believed to have formed. At least half the X grains, as well as a couple of mainstream grains, contain subgrains that have higher Fe/Ni than the bulk of these grains and the grains without apparent subgrains.
Most Ni ratios. These signatures are not expected for grains from low-metallicity AGB stars, but we still have to explore in more detail the Galactic evolution of the Fe and Ni isotopes.
The results obtained in this study present new challenges to our understanding of nucleosynthetic processes in supernovae and low-mass AGB stars. They also point to future efforts we plan to undertake to improve this understanding. One is to investigate the large elemental fractionation among Fe, Co, and Ni observed in the grains. Another is to study possible elemental fractionation of Si and Fe from the Si/S zone before the formation of X grains. Such fractionation would explain why X grains show large 28 Si excesses without having large excesses in 54 Fe, which according to SN models is abundant in the Si/S zone. Finally, we plan to investigate the Galactic evolution of the Fe and Ni isotopes in detail. For this we will try to measure Fe and Ni isotopic ratios in Z grains. Isotopic signatures interpreted to be due to Galactic evolution can clearly be seen in Si and Ti (e.g., Zinner et al. 2006b . However, such measurements are not a trivial undertaking. The abundance of Z grains among KJG grains is less than 1% but increases to more than 5% for sub-m grains ). While it is easier to locate Z grains among small SiC grains, it remains to be seen whether they contain enough Fe and Ni for meaningful isotopic analysis.
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